Polynucleotide kinase/phosphatase (PNKP) and X-ray repair cross-complementing 1 (XRCC1) are key proteins in the singlestrand DNA break repair pathway. Phosphorylated XRCC1 stimulates PNKP by binding to its forkhead-associated (FHA) domain, whereas nonphosphorylated XRCC1 stimulates PNKP by interacting with the PNKP catalytic domain. Here, we have further studied the interactions between these two proteins, including two variants of XRCC1 (R194W and R280H) arising from single-nucleotide polymorphisms (SNPs) that have been associated with elevated cancer risk in some reports. We observed that interaction of the PNKP FHA domain with phosphorylated XRCC1 extends beyond the immediate, well-characterized phosphorylated region of XRCC1 (residues 515-526). We also found that an XRCC1 fragment, comprising residues 166 -436, binds tightly to PNKP and DNA and efficiently activates PNKP's kinase activity. However, interaction of either of the SNP-derived variants of this fragment with PNKP was considerably weaker, and their stimulation of PNKP was severely reduced, although they still could bind DNA effectively. Laser microirradiation revealed reduced recruitment of PNKP to damaged DNA in cells expressing either XRCC1 variant compared with PNKP recruitment in cells expressing WT XRCC1 even though WT and variant XRCC1s were equally efficient at localizing to the damaged DNA. These findings suggest that the elevated risk of cancer associated with these XRCC1 SNPs reported in some studies may be due in part to the reduced ability of these XRCC1 variants to recruit PNKP to damaged DNA.
Human polynucleotide kinase/phosphatase (PNKP) 5 is required to process unligatable strand break termini generated by many genotoxic agents or as intermediates in repair pathways and thus often participates in DNA single-and doublestrand break repair (1) (2) (3) (4) . In its role in single-strand break repair and in the alternative nonhomologous end-joining pathway, PNKP is associated with the scaffolding protein XRCC1 and DNA ligase III (5, 6) . PNKP possesses 5Ј-DNA kinase and 3Ј-DNA phosphatase activities (7, 8) , both of which can be stimulated by XRCC1 (9 -11) . It has been suggested that XRCC1 functions in a dual capacity to enhance PNKP kinase activity: first, XRCC1 enhances the capacity of PNKP to discriminate between strand breaks with 5Ј-OH termini and those with 5Ј-phosphate termini, and second, XRCC1 stimulates PNKP activity by displacing PNKP from the phosphorylated DNA product (12) . Phosphorylation of XRCC1 plays an important role in promoting its interaction with PNKP and proteins with similar forkhead-associated (FHA) domains (5, 10, 13, 14) . However, although it is generally considered that interaction between PNKP and XRCC1 is mediated by the binding of CK2-phosphorylated XRCC1 protein to the FHA domain of PNKP (5, 15) , it is clear that XRCC1 in its nonphosphorylated form can interact with the catalytic domain of PNKP, thereby stimulating PNKP activity (9, 10, 12) . In a recent study, a second PNKP interaction site in XRCC1 was identified that binds PNKP with lower affinity and independently of XRCC1 phosphorylation (16) . This low-affinity interaction site requires the highly conserved Rev1-interacting region (RIR) motif in XRCC1 and includes three critical and evolutionarily conserved phenylalanine residues Phe-173, To gain further insight into the mechanism of activation of PNKP by XRCC1, we have now examined the interactions between different regions of XRCC1 with PNKP and DNA. For this purpose, we utilized several XRCC1 fragments ( Fig. 1 ) including the following: (i) the extended BRCT2 domain of XRCC1 (EB2) from residues 511 to 633, because this region possesses a cluster of CK2 phosphorylation sites implicated in the interaction with the FHA domain (5); (ii) the BLB (BRCT1-linked BRCT2) region of XRCC1 comprising residues 295-633; and (iii) the extended BRCT1 domain (EB1) comprising the nuclear localization domain and BRCT1 domain (residues 166 -436), which is essential for the recruitment of XRCC1 to sites of DNA damage and DNA replication (17) . Hanssen-Bauer et al. (17) suggested a key role for this region in mediating DNA repair, but the mechanism by which it confers this property remains unclear. The EB1 domain also retains two of the most common amino acid variants of XRCC1, namely R194W and R280H. These variants have been linked in many (but not all) studies with increased incidence of specific types of cancer and response to chemotherapy in defined populations, although the penetrance of their effects may be influenced by tissue type and ethnicity (18 -24) . Cells expressing these variants exhibit different repair profiles when treated with methyl methanesulfonate or hydrogen peroxide and reduced DNA repair capacity compared with the WT protein (17) . The observed differences in DNA repair profiles of the mutants from the WT protein could be associated with either the affinity with which they bind DNA or their ability to interact with other DNA repair proteins such as PNKP.
The data presented here addresses the binding of phosphorylated XRCC1 to PNKP indicating that the interaction is more extensive than previously envisaged. We also show, by comparing the WT and variant EB1 fragments, that the stimulation of PNKP is primarily due to its direct interaction with XRCC1 rather than XRCC1 competition for substrate DNA. Finally, we provide evidence indicating that the reduced repair capacity associated with the variant XRCC1 species may be, at least in part, attributable to poorer stimulation of PNKP and reduced recruitment of PNKP to damaged DNA.
Results

Overview of the fluorescence-based analytical approach for studying PNKP interaction with XRCC1 fragments
To study the interaction between XRCC1 fragments, DNA substrates, and PNKP, we carried out a series of steady-state fluorescence measurements. Binding of protein to DNA substrates was examined by the change in intrinsic Trp fluorescence. To analyze the binding between XRCC1 fragments and PNKP, PNKP WFX402 (a mutated form of PNKP in which all the tryptophans, except Trp-402, have been replaced with phenylalanine) was labeled with acrylodan (AC), a sulfhydryl-specific covalent label, and the effect of XRCC1 fragments binding to PNKP WFX402-AC was monitored by quenching of AC fluorescence around 490 nm following excitation at 380 nm (25, 26) . The AC-labeled PNKP was functionally active when tested for its kinase activity and retained ϳ85-90% of its activity compared with unlabeled PNKP. The degree of labeling of PNKP with AC was 1.3 Ϯ 0.2 (mean Ϯ S.E., n ϭ 4) mol of AC/mol of PNKP. PNKP WFX402-AC when excited at 380 nm exhibits an emission maximum around 490 nm, suggesting that the environment of AC in PNKP has considerable hydrophobic character (12, 25) .
Interaction between PNKP and the C-terminal domain of XRCC1 (EB2)
The C-terminal domain of XRCC1 (residues 511-633), which is known to contain several CK2 phosphorylation sites ( Fig. 1) , is considered to contribute significantly to XRCC1 binding to the FHA domain of PNKP (5) . We first compared the interaction of full-length PNKP with nonphosphorylated and phosphorylated EB2. Phosphorylated EB2 was produced by coexpression of the XRCC1 fragment together with CK2 in bacterial cells (see under "Methods and materials"). Addition of pEB2 (where "p" denotes CK2 phosphorylated protein) resulted in quenching AC fluorescence at 490 nm (Fig. 2) , and fluorescence titration as a function of pEB2 concentration yielded a K d value of 400 Ϯ 30 nM, whereas npEB2 (where "np" denotes nonphosphorylated peptide) did not induce any significant quenching in AC fluorescence even at 5 M concentration, indicating that the nonphosphorylated protein does not bind to PNKP (Table 1, top) .
We then looked more directly at the interaction with the PNKP FHA domain. To obtain quantitative data for this interaction, we labeled the single Cys residue (Cys-46) in the FHA domain with AC (10, 12) . When the labeled protein was excited 
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at 380 nm, the emission maximum occurred around 490 nm, and the addition of the pEB2 fragment resulted in AC fluorescence quenching (Fig. 3A) (Fig. 3C ) readily indicates that pBLB exhibits a higher affinity than pEB2. We also examined the binding of the nonphosphorylated BLB fragment to PNKP WFX402-AC and observed a K d of ϳ550 nM. Taken together, these results suggest that regions of XRCC1 other than the CK2-phosphorylated region immediately adjacent to BRCT2 contribute to the binding to PNKP.
Interaction between PNKP and the extended BRCT1 domain of XRCC1 (EB1)
Others have shown that the extended BRCT1 domain, EB1 (residues 166 -436), is required for the scaffolding function of XRCC1 (17) . This fragment is also the location for two common XRCC1 variants, R194W and R280H, resulting from SNPs. We therefore examined the capacity of this XRCC1 fragment and the R194W and R280H variants to bind to PNKP. Although the WT fragment bound PNKP WFX402-AC tightly with a K d of ϳ120 nM (Table 1 , top), neither of the variant fragments caused sufficient fluorescence quenching (Ͻ6%) even at the saturating concentration of 3 M with the result that titration could not be carried out with these two variants to measure the K d values. These results suggest that the region of XRCC1 N-terminal to BRCT1 is involved in PNKP interactions. We also examined the binding of full-length XRCC1 and the two full-length variants to PNKP . (Purity of the full-length protein preparations is shown in Fig. S1 ) XRCC1 exhibited tight binding to AC-labeled PNKP resulting in nearly 30% quenching of AC fluorescence, and the K d value obtained from fluorescence titration was 55 Ϯ 5 nM, whereas the two variants induced only ϳ5% AC quenching when the concentrations of PNKP WFX402-AC and the variants were 50 nM and 3 M, respectively, with the result that no binding affinity could be determined.
DNA binding to the extended BRCT1 domain of XRCC1 (EB1)
We have previously determined the binding affinities of fulllength WT XRCC1 for substrates that model DNA strand breaks (27) by monitoring the effect of DNA binding on the intrinsic Trp fluorescence of XRCC1. Because the EB1 domain has been implicated in XRCC1 binding to damaged sites, we examined the affinity of this domain for various substrates that model DNA strand breaks by fluorescence titration (Fig. 4 and Table 2 ). The rank-order of affinities with which this fragment bound these ligands was 1-nt-gapped DNA Ͼ nicked DNA Ͼ intact duplex Ͼ single-stranded oligonucleotide, which is the same rank order we previously observed with full-length XRCC1 (27) . Interestingly, both the EB1 and BLB fragments, like full-length XRCC1, preferentially bound a gapped DNA substrate over a single-stranded substrate ( (Table 2) , it suggests that the observed quenching in Trp fluorescence following the addition of DNA arises mainly from the perturbation of Trp residues at position 353. Interestingly, Trp-353 is positioned near the putative phosphate-binding pocket of the XRCC1 BRCT. It may be that in XRCC1 the BRCT phosphate-binding pocket plays a role in DNA binding, as has been suggested for replication factor C (28).
We also examined the EB1 R194W and R280H variant fragments for their DNA-binding capacity, and we observed that they exhibited moderately lower binding affinities toward ssDNA and 1-nt-gapped DNA than the WT fragment (Table 2) .
CD analysis of the extended BRCT1 domain of XRCC1 and interaction with DNA
Information concerning the secondary structure of EB1 and its two variants was obtained from far-UV-CD data (Fig.  5 ). All three EB1 fragments exhibited two negative CD bands around 209 and 222 nm, indicating the presence of ␣-helical organization. Secondary structure analysis suggested that the above two mutations in EB1 did not induce any major conformational change in EB1 (Table 3) . However, the effect of DNA binding on these proteins was different, and the maximum change in protein conformation as a result of DNA binding was observed with the WT EB1 peptide ( R194W and EB1 R280H upon binding DNA were Ϫ7600 Ϯ 300 to Ϫ6600 Ϯ 300 and Ϫ7350 Ϯ 300 , are shown in Fig. S1 .
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to Ϫ6800 Ϯ 300, respectively. The observed change with EB1 R280H was very small, only slightly above the experimental error, and these results correlate very well with the DNAbinding ability of these proteins (Table 3) .
Effect of XRCC1 and its fragments on the DNA kinase activity of PNKP
To test whether XRCC1 and its fragments stimulates the 5Ј-kinase activity of PNKP, a single-stranded oligonucleotide (24-mer) was employed as the DNA substrate. DNA kinase reactions were carried out in the presence of [␥-
32 P]ATP. Under conditions that allowed for limited 5Ј-phosphorylation by PNKP when used alone, the kinase activity of PNKP increased ϳ4-fold in the presence of full-length XRCC1, and the WT EB1 fragment was almost as effective (Fig. 6A ). In contrast, the R194W and R280H mutants of EB1 showed a significantly diminished capacity to stimulate the PNKP kinase activity. The longer XRCC1 nonphosphorylated BLB fragment also had a limited effect (Fig. 6A) . Even though the BLB fragment composes a larger portion of XRCC1, it was less effective in activating PNKP compared with the WT EB1 fragment, suggesting that linker 1 in the N-terminal segment of XRCC1 plays an important role in activating PNKP. We also examined the effect of the R194W and R280H variants of full-length XRCC1 on the DNA kinase activity of PNKP (Fig. 6B) . These two singlepoint mutants induced limited activation of the kinase activity of PNKP.
Influence of XRCC1 fragments on the turnover of PNKP
Full-length XRCC1 is known to enhance the displacement of PNKP from the product of its reaction, i.e. 5Ј-phosphorylated or 3Ј-dephosphorylated strand break termini, thereby increasing the turnover rate of PNKP (10, 12) . To examine the influence of WT and variant EB1 on PNKP turnover, the kinase activity of PNKP was monitored using a limited concentration 
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of the enzyme with a 5Ј-OH bearing a 24-mer single-stranded oligonucleotide and [␥-32 P]ATP, followed 20 min later by the addition of full-length XRCC1 or EB1 fragment (Fig. 6C) . The rate of product accumulation decreased over the course of the assay and reached a plateau after ϳ10 min. Addition of fulllength XRCC1 at 20 min (i.e. in this plateau region) resulted in reactivation of PNKP kinase activity, and the percent 32 P incorporated nearly doubled. The observed increase in kinase activity was due to PNKP, because XRCC1 has no kinase activity. Addition of WT EB1, although not as active as full-length XRCC1, nonetheless showed a significant level of PNKP kinase reactivation. Neither the R194W nor the R280H EB1 variants when added to PNKP in the plateau region showed any appreciable effect, implying that these two variants were not able to reactivate PNKP's kinase activity. Similarly, the BLB fragment failed to significantly stimulate PNKP turnover (data not shown). The influence of single-point mutants R194W and R280H in full-length XRCC1 on the turnover rate of PNKP is shown in Fig. 6D . Although the full-length R194W mutant was able to stimulate PNKP's kinase activity (albeit to a lower extent than the WT protein), the R280H mutant XRCC1 failed to do so. A similar analysis of the PNKP 3Ј-phosphatase also indicated that the full-length XRCC1 variants severely impacted this activity (Fig. 6E) .
Cellular interaction of WT and mutant XRCC1 with PNKP
To gain insight into the cellular impact of the R280H and R194W XRCC1 variants on the behavior of PNKP at damaged DNA, we transiently co-expressed mRFP-tagged PNKP with mGFP-tagged full-length WT XRCC1, the R280H and R194W variants, and empty vector. To circumvent the effects of the interactions of mRFP-tagged PNKP with endogenous XRCC1, we used EM9 cells that lack the expression of any XRCC1. Western blotting indicated that the levels of tagged PNKP and XRCC1 were very similar in the transfected cells (Fig. S2) . Then we carried out laser micro-irradiation and followed the accumulation of PNKP at sites of DNA damage in real time. Consistent with previous observations, PNKP weakly accumulated at sites of DNA damage in EM9 cells (Fig. 7, A and B) (29) . However, co-expressing WT XRCC1 further enhanced the recruitment of PNKP to DNA-damaged sites, which is consistent with previous observations on the interaction between the two proteins. Cells expressing either of the two variants of XRCC1 displayed a significantly reduced accumulation of PNKP to DNA damage sites compared with cells expressing WT XRCC1. To rule out the possibility that this effect might be due to decreased recruitment of the XRCC1 variants compared with the WT protein, we followed and quantified their recruitment to DNA damage sites and observed relatively small differences between the WT XRCC1 and the two variants (Fig. 7C) . Our XRCC1 recruitment data are very similar to those of Hanssen-Bauer et al. (17) . They did not detect a significantly different pattern of recruitment between the R194W variant and WT XRCC1, whereas the R280H variant showed a small but consistently lower recruitment over time than the WT protein, although in our case the differences were not statistically significantly different.
Discussion
XRCC1 is regarded as a scaffolding protein capable of interacting with several proteins participating in single-strand break repair. It forms repair complexes with poly(ADP-ribose) polymerase (30, 31) , DNA polymerase-␤ (32, 33), and DNA ligase III (34) . XRCC1 has been shown to interact with the PNKP FHA domain through a peptide sequence in XRCC1 phosphorylated by CK2 and to stimulate the DNA kinase and DNA phosphatase activities at damaged DNA termini (5, 9) . We also found that nonphosphorylated XRCC1 can interact with the catalytic domain of PNKP and stimulate PNKP activity as well (10, 12, 16) . The purpose of this study was to examine in more detail the interactions between different regions of XRCC1 and PNKP to increase our understanding of the mechanism(s) of PNKP activation and their possible role in DNA repair. 
Interactions between PNKP and XRCC1
Interactions of XRCC1 fragments with PNKP Our earlier studies have clearly established a phosphorylation-independent interaction of XRCC1 with PNKP and also revealed that XRCC1 and CK2-phosphorylated XRCC1 (pXRCC1) bind to PNKP at different sites (10, 12, 16) .
In XRCC1, the C-terminal domain contains the CK2 phosphorylation sites (residues 518, 519, 523, and 535) (5, 35) . The XRCC1 pEB2 fragment (residues 511-633), which encompasses the phosphorylation sites in addition to the BRCT2 domain of XRCC1, was capable of binding to the FHA domain as well as to full-length PNKP. The observed binding affinities of pEB2 to the FHA domain and full-length PNKP were distinctly lower than the affinities of the longer pBLB peptide (residues 295-633), suggesting that other regions of XRCC1, including additional phosphorylated residues in linker 2 between residues 403 and 494 (5, 10, 36) and BRCT1, can contribute to enhancing the interaction between phosphorylated XRCC1 and PNKP. Mass spectral analysis of the phosphorylation of the BLB peptide produced by co-expression with human casein kinase 2␣ (CK2␣) in Escherichia coli (as used for this study) led to the identification of 15 CK2-dependent phosphorylation sites within linker 2 and the BRCT2 domain (36) . Others have also come to the conclusion that the interaction between XRCC1 and PNKP involves regions in XRCC1 that extend beyond the C-terminal domain containing the phosphopeptide (residues 515-526) and the FHA domain of PNKP (11) . These investigators used a yeast two-hybrid approach to identify mutations in XRCC1 that disrupt interaction with PNKP and observed that converting alanine 482 to threonine significantly reduced binding to PNKP (11) . Whether this exchange directly impacts the XRCC1-PNKP interaction interface or causes a conformational change in XRCC1 has yet to be determined. However, the fact that the pBLB fragment bound the FHA domain with a similar affinity as it bound to full-length PNKP 
suggests that the binding of this component of XRCC1 is confined to the FHA domain of PNKP.
The EB1 domain, comprising residues 166 -436, is involved in the recruitment of XRCC1 to sites of damage and DNA replication (17) , implying that this region plays a major role in mediating DNA repair. Our data indicate that this region of XRCC1 contributes significantly to the binding of nonphosphorylatedXRCC1toPNKP,whereasthebindingofthenonphosphorylated BLB fragment is considerably weaker. Nonetheless, the difference in K d values for the interaction of full-length XRCC1 and the EB1 fragment with PNKP (43 versus 120 nM) suggests that other residues enhance the binding of full-length nonphosphorylated XRCC1 to PNKP.
The extended BRCT1 domain also harbors two common amino acid variants of XRCC1, namely R194W and R280H. These variants exhibited different repair profiles compared with the WT protein (17) . Our data indicate that the amino acid changes have a profound effect on binding to PNKP, which will be discussed in further detail below. In the case of the R280H mutant, this could be related to the altered conformation revealed by CD ( Table 3) .
Interactions of XRCC1 fragments with DNA
Several lines of evidence indicate that the extended BRCT1 domain plays an important role in XRCC1 binding to DNA. A key observation is that the EB1 fragment, like full-length XRCC1, displays differential binding to various DNA substrates, with the tightest interactions occurring between the fragment and the 1-nt gap and nicked DNA substrates, which mimic DNA single-strand breaks. The extended C-terminal domain BLB bound with similar affinity to DNA as EB1, suggesting that the overlapping region between the two fragments, i.e. residues 295-436, may be responsible for DNA binding.
The variant R194W and R280H EB1 fragments exhibited lower binding affinity for 24-mer ssDNA and 1-nt-gapped DNA compared with WT EB1. The CD data showed that DNA binding to WT EB1 induced a conformational change in the protein fragment, and its effect on the two variants was considerably less; in fact, with EB1 R280H the observed change in ellipticity around 210 nm was only slightly above the experimental error. Berquist et al. (37) have also reported reduced DNAbinding ability for this variant. XRCC1 might serve as a strand break sensor in addition to its structural role as a scaffolding protein as it specifically binds gapped and nicked single-strand breaks with high affinities (27, 38) . The observed differences in the DNA-binding profile of these XRCC1 mutants may interfere in their ability to take part in DNA repair by affecting the sensor role and in turn their ability to direct the enzyme PNKP to the damaged site. However, it should be noted that the fulllength XRCC1 proteins containing either of these mutations were recruited to sites of DNA damage induced by laser microirradiation with similar kinetics to the WT protein (Fig. 7C) , although the R280H variant has previously been shown to dissociate more rapidly than WT XRCC1 from sites of DNA damage induced by micro-irradiation (39) .
DNA ligase III is another key binding partner of XRCC1 (34) . Because the interaction between XRCC1 and DNA ligase III is mediated through the XRCC1 BRCT2 domain and a region of the linker immediately N-terminal to the BRCT2 domain (40, 41) , it is not clear if either R194W or R280H would directly affect the binding of XRCC1 to the ligase. However, the reduced DNA binding of the XRCC1 variants may also impact DNA ligation, although DNA ligase III itself can bind tightly to nicked DNA with a K d of ϳ 30 nM (42). 
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Effect of XRCC1 fragments on the kinase activity of PNKP Full-length XRCC1 and its WT-extended BRCT1 fragment EB1 were effective in markedly activating the kinase activity of PNKP (Fig. 6A ) and stimulating PNKP turnover (Fig. 6C) . However, the nonphosphorylated BLB peptide had minimal effect on either the kinase activity or turnover of PNKP, clearly establishing the important role of linker 1 in the N-terminal region of XRCC1 in its stimulatory interaction with PNKP. The R194W and R280H variants of EB1 also had a limited effect on the kinase activity or turnover of PNKP. However, because the nonphosphorylated BLB fragment, as well as the variant EB1 fragments, bound DNA reasonably tightly, we infer that the stimulation of PNKP activity depends on XRCC1 interaction with PNKP rather than displacement of PNKP due to competitive binding to DNA. Related to this, we found that the fulllength R194W and R280H XRCC1 variants were recruited to laser-induced DNA damage with similar kinetics as WT XRCC1, but showed a significantly reduced capacity to enhance PNKP recruitment (Fig. 7) . This raises the important possibility that the observed difference in DNA repair profiles of the SNP-derived variants compared with the WT protein (14) could be due to their poorer ability to bind and activate PNKP. Because full-length nonphosphorylated XRCC1 binds only to the catalytic domain of PNKP and not to the FHA domain (10) , it would imply that EB1 also binds to the catalytic domain rather than the FHA domain. Therefore, the observation that the R194W and R280H XRCC1 variants have diminished capacity to recruit PNKP strongly suggests that interaction of XRCC1 with the catalytic domain of PNKP is required for the efficient recruitment of PNKP to DNA strand breaks in the nucleus.
Our present observations regarding the important role of linker 1 in the interaction and stimulation of PNKP by XRCC1 concur with the recent identification of a region just downstream of the N-terminal domain in XRCC1 that mediates a low-affinity interaction with PNKP independently of XRCC1 phosphorylation (16) . This region contains a putative RIR motif (PGALFFSR) in which Arg-194 constitutes the C-terminal amino acid. The RIR is a protein interaction domain present in several translesion DNA polymerases (43) . Mutation of the two phenylalanine residues in the putative RIR as well as Phe-173 resulted in the disruption of XRCC1 interaction with PNKP and prevented the stimulation of the kinase and phosphatase activities of PNKP in vitro (16) . The mutation of the RIR motif also significantly reduced the single-strand break repair and enhanced the sensitivity of cells exposed to hydrogen peroxide (16) .
In summary, we have shown that the linker 1 in the N-terminal region of XRCC1 plays an important role in its interaction with PNKP. Phosphorylation of XRCC1 at its C-terminal end only strengthens its interaction with PNKP by virtue of its ability to bind to the FHA domain. Polymorphic variations, R194W and R280H, in the extended central BRCT domain disrupted its ability to interact with PNKP, and our data suggest that this is potentially responsible for altering the DNA repair capability of cells carrying these changes to XRCC1.
Materials and methods
Bacterial PNKP expression and purification
His-tagged human PNKP, PNKP WFX402 , and the FHA domain of PNKP were expressed in E. coli BL21(DE3)pLysS (Millipore, Etobicoke, Ontario, Canada), purified as described previously (10, 44, 45) , and kept in storage buffer (50 mM TrisHCl, pH 7.4, 100 mM NaCl, 5 mM MgCl 2 , and 1 mM dithiothreitol) at Ϫ80°C.
Bacterial XRCC1 expression and purification
The XRCC1 cDNA encoding residues 511-633 (EB2) and 295-633 (BLB) incorporating a C-terminal hexahistidine tag were cloned into the pET28a vector (Millipore) using a restriction-free cloning procedure (46) . Briefly, in the first step a regular PCR amplification was performed employing a template vector of human XRCC1, which was kindly provided by Dr. Tom Ellenberger (Washington University, St Louis). In the second step, further PCR amplification was carried out using primers designed to have a 3-bp overlap with the sites of integration in the destination vector. The amplified products then served as mega-primers for insertion into the vector. The parental plasmid DNA was removed by DpnI treatment, and then DNA was directly transformed into competent E. coli DH5␣ cells. The selected colonies were checked by DNA sequence verification. The cDNA encoding full-length XRCC1 and residues 166 -436 was amplified by PCR and inserted into the bacterial expression plasmid pEX-N-His (OriGene, Rockville, MD) using AscIRsrII restriction sites. Point mutations encoding R280H and R194W were introduced into WT XRCC1 using overlap extension PCR techniques with the following forward and reverse primers for the R194W mutant: 5Ј-GGGCTCTCTTCTTC-AGCTGGATCAACAAGACATCC-3Ј and 5Ј-GGATGTCTT-GTTGATCCAGCTGAAGAAGAGAGCCC-3Ј; and for the R280H mutant: 5Ј-GCCAGCTCCAACTCATACCCCAGCC-ACAG-3Ј and 5Ј-CTGTGGCTGGGGTATGAGTTGGAGC-TGGC-3Ј. All generated plasmids were sequence-verified.
His-tagged proteins were expressed in E. coli BL21 Gold transformed with bacterial expression plasmids after reaching A 600 0.6 followed by induction with 1 mM IPTG at 37°C for 3 h. Subsequently, proteins were purified using Pro-Bond nickel chelating resin (Life Technologies, Inc.) following the manufacturer's protocol for lysis and purification. The purified proteins were dialyzed against 50 mM Tris, pH 7.4, 100 mM NaCl, and 5 mM MgCl 2 .
In vivo phosphorylation of XRCC1 fragments and purification
The XRCC1 cDNAs encoding residues 511-633 (EB2) and 295-633 (BLB) inserted in the pET28a vector were transformed into BL21(DE3) E. coli cells and grown in LB-kanamycin media. Starting culture (2 ml) was transferred to 100 ml of TYM media (2% bacto-tryptone, 0.2% yeast extract, 0.1 M NaCl and 0.01 M MgCl 2 ). After reaching A 600 of 0.4, the cells were harvested at 3000 rpm for 10 min, and the cells pellets were resuspended in 20 ml of TFB1 buffer (30 mM KAc, 50 mM MnCl 2 , 10 mM CaCl 2 , 100 mM KCl, and 15% glycerol, pH 5.8).
Following incubation for 2 h on ice, the cells were harvested at 3000 rpm for 10 min again, and the cells pellets were resus-
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pended in 4 ml of TFB2 (10 mM Na-MOPS, pH 7.0, 75 mM CaCl 2 , 10 mM KCl, 15% glycerol). The cells were divided into aliquots of 50 l and stored at Ϫ80°C. Phosphorylated XRCC1 fragments were prepared by co-expression with human CK2␣ (the cDNA for which was cloned in the pGEX-3x vector) in E. coli Rosetta cells, as described previously (36) (kindly provided by Dr. Tom Ellenberger, Washington University School of Medicine, St. Louis, MO).
After growth to A 600 0.4, the culture was cooled to 18°C, and protein expression was induced with 1 mM IPTG for 18 h. The cells were harvested by centrifugation (6000 ϫ g for 20 min) and resuspended in lysis buffer (20 mM imidazole, 20 mM Tris, pH 8.0, 300 mM NaCl, 1 mM EDTA, and 5 mM ␤-mercaptoethanol), and protease inhibitor mixture was added before lysis by sonication. A cleared lysate was prepared by centrifugation, and proteins were purified by immobilized metal-affinity chromatography followed by gel filtration. The soluble fraction was added to Ni-NTA-agarose resin (Amersham Biosciences) and mixed gently by shaking at 4°C for 2 h. The protein solution/ Ni-NTA-agarose mixture was loaded into a column and washed with 300 ml of lysis buffer and 100 ml of lysis buffer containing 25 mM imidazole and eluted with 10 ml of lysis buffer containing 300 mM imidazole. The buffer was then exchanged for gel-filtration buffer (20 mM Tris-HCl, pH 8, 150 mM NaCl, 1 mM EDTA, 5 mM MgCl 2 , and 5 mM ␤-mercaptoethanol), and the protein was further purified on a Superdex 75 26/60 (Amersham Biosciences) gel-filtration column.
Steady-state fluorescence spectroscopy
Labeling of PNKP WFX402 and the PNKP FHA domain with AC was carried out as described in our earlier studies (12) . The interaction between phosphorylated and nonphosphorylated XRCC1 fragments and PNKP was studied using acrylodan-labeled PNKP WFX402 and the FHA domain as described previously (12, 27) . The AC-labeled proteins were excited at 380 nm, and the changes in AC fluorescence at the emission maximum (490 nm) were monitored. The interaction between XRCC1 fragments and DNA substrates was studied using the intrinsic fluorescence due to tryptophan residues as detailed in our earlier works (27) . All fluorescence and CD measurements were carried out in 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl 2 , and 1 mM DTT. GraphPad Prism software (GraphPad Software Inc., La Jolla, CA) was used for the analysis of binding data.
CD spectroscopy
Far-UV CD measurements were performed with an Olis DSM 17 CD spectropolarimeter (Bogart, GA) as described previously (27) . Protein concentrations used for each determination are presented in the corresponding figure legends. The CD spectra were analyzed according to the method of Chen et al. (47) .
Kinase activity assay
PNKP (0.5 g, 9 pmol) was premixed with 60 pmol of either XRCC1 or XRCC1 WT or mutant fragment in 5 l and incubated at 37°C for 5 min. The volume was increased to 20 l with addition of kinase buffer (final concentration: 80 mM succinic acid, pH 5.5, 10 mM MgCl 2 , and 1 mM DTT), 0.2 nmol of 24-mer DNA substrate (Integrated DNA Technologies, Coralville, IA), and 3.3 pmol of [␥-32 P]ATP (PerkinElmer Life Sciences, Waltham, MA) and incubated for 5 more min. 4-l samples were mixed with 2 l of 3ϫ sequencing gel loading dye (ThermoFisher Scientific, Ottawa, Ontario, Canada), boiled for 10 min, and run on a 12% polyacrylamide, 7 M urea sequencing gel at 200 V. Gels were scanned with a Typhoon 9400 variable mode imager (GE Healthcare, Bucks, UK), and the resulting bands were quantified using ImageQuant 5.2 (GE Healthcare).
Turnover of PNKP
To follow the turnover of PNKP kinase activity, reaction mixtures (50 l) containing kinase buffer (80 mM succinic acid, pH 5.5, 10 mM MgCl 2 , and 1 mM DTT), 0.2 nmol of 24-mer DNA substrate, 0.4 nmol of unlabeled ATP, 3.3 pmol of [␥-
32 P]ATP, and 0.9 pmol of PNKP were incubated at 37°C. From one of the reaction mixtures, 4-l samples were taken at 0, 1, 2, 5, 10, 20, and 30 min. To the other reaction mixtures, 60 pmol of fulllength XRCC1 or XRCC1 fragment was added after 20 min of initial incubation, and 4-l samples were taken after 1, 2, 5, 10, 20, and 30 min of further incubation. The samples were mixed with 2 l of 3ϫ sequencing gel loading dye (ThermoFisher Scientific), boiled for 10 min, and run on a 12% polyacrylamide, 7 M urea sequencing gel at 200 V. Gels were scanned on a Typhoon 9400 variable mode imager, and the resulting bands were quantified using ImageQuant 5.2. To monitor the phosphatase activity, we followed a previously published protocol (16) , except that we used a single-stranded 24-mer substrate.
Mammalian expression plasmids
Mammalian expression plasmids expressing WT XRCC1 and PNKP were generated by inserting cDNA encoding these proteins using AscI-RsrII (XRCC1 and mutants) and AsiSIMluI (PNKP) restriction sites in pCMV6-AN-mGFP and pCMV6-AN-mRFP mammalian expression plasmids (Origene), respectively). The following primers were used to generate the XRCC1 cDNA: forward 5Ј-AGCAGCGCGGCGCGCC-AATGCCGGAGATCCGCCT-3Ј and reverse 5Ј-AGCAG-CGCCGGTCCGTCAGGCTTGCGCCACCA-3Ј. The primers used to generate PNKP cDNA were forward 5Ј-AGCAGC-GCGCGATCGCCATGGGCGAGGTGGAG-3Ј and reverse 5Ј-AGCAGCGCACGCGTTCAGCCCTCGGAGAA-3Ј. Point mutations encoding for the changes to amino acids R280H and R194W were introduced into WT XRCC1 using the overlap extension PCR technique as described above. All generated plasmids were sequence-verified.
Cell culture and transfection
The Chinese hamster ovary cell line, EM9, was kindly provided by Dr. Keith Caldecott (University of Sussex, United Kingdom) and cultured in Dulbecco's modified Eagle's medium/F-12 supplemented with 10% fetal calf serum. For transfection, cells were grown on 35-mm glass bottom dishes (MatTek Corp., Ashland, MA), and the following day cells were transfected with DNA constructs of interest using Turbofectin 8.0 (OriGene, Rockville, MD, catalog no. TF81001) according to Interactions between PNKP and XRCC1 the manufacturer's protocol. Cells were used for live cell imaging 24 -48 h post-transfection.
Laser micro-irradiation
For two-photon laser micro-irradiation, cells were grown on 35-mm glass bottom dishes. Before laser micro-irradiation, cells were incubated in medium containing Hoechst 33258 (Sigma, catalog no. 94403) to a final concentration of 1 g/ml for 20 min, which was then replaced with fresh medium for 10 min. Subsequently, cells were placed on a 37°C heated stage of a Zeiss LSM510 NLO laser-scanning confocal microscope. Micro-irradiation was carried out using a near IR titanium sapphire laser. To introduce damage within nuclei of individual cells, a 1.2-m-wide region was pre-defined and subsequently micro-irradiated with 10 iterations of a 750-nm laser line at 10% power using a Plan-Neofluar ϫ40/1.3 NA oil immersion objective. For time-lapse experiments of mRFP-tagged proteins, the fluorescent signal was recorded using excitation with a 543-nm He-Ne laser and a 559 -634-nm bandpass emission filter. Similarly, for mGFP and enhanced GFP-tagged proteins, the signal was recorded after excitation with a 488-nm argon laser and a 515-540-nm bandpass emission filter. Cells with low to medium expression levels of fluorescent proteins were selected, and accumulation of fluorescently tagged protein in micro-irradiated areas was quantified and compared with that in unirradiated regions. The intensity was normalized so that the total cell intensity remained constant throughout the experiment. This process compensates for photobleaching during acquisition. Images were then realigned using ImageJ software, and subsequently fluorescence signals of the exported Tiff images were quantified using Metamorph software 6.0 (Molecular Devices). Results of plotted recruitment curves represent averages of at least two independent experiments. Typically 12 cells were monitored for each data point. 
